Introduction {#Sec1}
============

*Acinetobacter baumannii* and *Pseudomonas aeruginosa* are two of the main superbug bacteria responsible for nosocomial infections in severely ill patients. They cause a wide spectrum of infections from skin and wound infections to septicemia and hospital outbreaks worldwide; both organisms are resistant to several classes of antibiotics making their treatment very difficult \[[@CR1]\]. The MDR pattern can be transferred to the other organisms that initially do not show such resistance \[[@CR2]\]. In addition, biofilm production in *A. baumannii* and *P. aeruginosa* encourages increased colonization and persistence in hospital environments leading to higher rates of device-related infections \[[@CR3]\]. To solve the problem of limited therapeutic options, it is very vital to find new therapeutic strategy to combat *A. baumannii* infections.

It is well known now that quorum sensing (QS), a cell-to-cell communication system, regulates the expression of several virulence and survival genes in many organisms at high cell densities using *N*-acyl-homoserine lactone (AHL) signaling molecules; thus, QS plays key role in the establishment of microbial infections \[[@CR4]\]. Therefore, interfering with QS is considered as a promising strategy to combat bacterial infections by inhibiting bacterial virulence hence affecting the ability of pathogens to cause diseases rather than affecting their growth which does not impose a selection pressure and helps to avoid emergence of resistance \[[@CR5]\]. Consequently, QSI would increase the susceptibility of the pathogen to host defense and clearance by the host immune system \[[@CR6]\].

*A. baumannii* has one chromosomally encoded AHL-dependent signaling system, comprising of LuxI and LuxR homologs. *abaI* gene is responsible for the synthesis of 3-hydroxy-dodecanoyl-(L) homoserine lactone (3-OH-C12 HSL), and the cognate receptor of this ligand is synthesized by *abaR* \[[@CR7]\].

*P. aeruginosa* has at least three QS systems; QS inhibition in *P. aeruginosa* has been reported using either natural or synthetic compounds. Any QSI used in *P. aeruginosa* would be efficient in inhibiting QS in other pathogens \[[@CR8]\]. Many compounds that function as QSIs can successfully inhibit *P. aeruginosa* and *A. baumannii* pathogenesis, but some of them have toxicity in human-like halogenated furanone compounds \[[@CR9], [@CR10]\]. Thus, it is more reliable to screen the approved drugs used for human therapy which already found in the market and have a known safety profile. The idea of repurposing of old drug is an attractive idea that has been applied for many drugs \[[@CR11]\].

Several studies have illustrated the QS inhibitory activity of antibiotics in *P. aeruginosa* including ceftazidime, ciprofloxacin, and azithromycin \[[@CR12], [@CR13]\]. Moreover, streptomycin was found to inhibit QS in *A. baumannii* \[[@CR14]\]. The macrolide antibiotic, erythromycin, is a hydrophobic and large-sized molecule and active against Gram-positive bacteria, but has much narrower spectrum against Gram-negative bacteria as it is believed to be ineffective against Enterobacteriaceae. While azithromycin, another macrolide, exerts greater antimicrobial activity than erythromycin \[[@CR15]\].

Propranolol was reported to inhibit morphogenesis and germ tube formation in *Candida albicans* which are essential for its virulence \[[@CR16]\]. Also, it was found that lesions of EHEC were not formed on epithelial cells in the presence of propranolol, which suggests that QS can specifically inhibit using β-adrenergic receptor antagonists \[[@CR17]\].

Chloroquine (CQ) is known for its antimalarial activity. Chloroquine derivatives were found to exhibit QS inhibition in *Serratia marcescens* and *Pseudomonas aeruginosa* \[[@CR18]\]. Recently, CQ showed antiviral activity against coronavirus causing COVID 19 disease \[[@CR19]\].

The anthelmintic drug niclosamide inhibited *Pseudomonas aeruginosa* QS and virulence \[[@CR9]\]. Levamisole is another anthelmintic drug that was found to be successful in treating chronic mucocutaneous candidiasis in combination with oral antifungals \[[@CR20]\].

This study aimed to investigate the potential role of a number of FDA-approved drugs with different pharmacological activities including (erythromycin (antibiotic), chloroquine (antimalarial), levamisole (antiparasitic), and propranolol (adrenergic blocker), in interfering with QS and virulence in both PAO1 standard strain and MDR *A. baumannii* clinical isolates. In addition, the QS inhibitory activity was evaluated in vivo by a mouse model of peritoneal sepsis, and evaluated at the molecular level by qRT-PCR. Moreover, docking analysis was also performed against the two proteins of QS system found in *A. baumannii*, AbaI, and AbaR.

Materials and methods {#Sec2}
=====================

Bacterial strains and drugs {#Sec3}
---------------------------

Twenty QS-positive clinical *A. baumannii* isolates were selected for this study. They were obtained from different intensive care units (ICUs) of Zagazig University Hospitals, and the International Medical Center, Egypt. All strains have been identified and confirmed to be QS-positive MDR *A. baumannii*. The isolates were of 3 clinical sources, 14 from tracheal aspirate, 3 from blood, and 3 from wound (supplementary Table [1](#MOESM1){ref-type="media"}). They were maintained routinely on Luria-Bertani (LB) agar. Two reference strains were used in this study: *Pseudomonas aeruginosa* O1 (PAO1) as a QS-positive strain and *Chromobacterium violaceum* 026 (CV026), a biosensor for QS which is violacein-negative strain, and its violacein purple pigment is induced by AHLs (acyl-homoserine lactones).

Chloroquine (CQ), erythromycin (E), levamisole (LEV), and propranolol (PPL) were obtained from the National Organization of Drug Control and Research (NODCAR) Cairo, Egypt. The antibiotic azithromycin (AZ) was used as QSI-positive control in all experiments. All drugs were dissolved in water except erythromycin and azithromycin which were dissolved in dimethylsulfoxide (DMSO).

Screening some drugs for the quorum sensing inhibitory activity {#Sec4}
---------------------------------------------------------------

Overnight-grown *C. violaceum* CV026 cells (15 mL) were added into 200 mL of 1.5% molten LB agar (Oxoid, Hampshire, England) that has been supplemented with *N*-hexanoyl homoserine lactone (C6-HSL, 0.25 μg/mL) purchased from Sigma-Aldrich Chemie GmbH (Steinheim, Germany). CV026 agar suspension was poured into Petri dishes and allowed to solidify; wells were made using sterile pipette tips. The tested drug solutions (30 μL of 32 mg/mL) were placed in each well and the solvent served as negative control. The plates were incubated at 28 °C for 24 h. Halo formation on a purple background suggested that the tested drugs exhibited anti-QS activity \[[@CR21]\].

Quantification of the inhibition of violacein pigment production {#Sec5}
----------------------------------------------------------------

First, minimum inhibitory concentration (MIC) of the potential QSIs was determined by broth microdilution according to CLSI methodology \[[@CR22]\]. Briefly, four morphologically similar colonies from CV026 were touched with a sterile loop and transferred to Müller Hinton broth (MHB), Oxoid (Hampshire, England), and broth was incubated with shaking at 28--30 °C until the visible turbidity was equivalent to 0.5 McFarland. The bacterial suspension was diluted 1:100 in MHB, so the final concentration of bacteria will be approximated 5 × 10^5^ CFU/mL. Twofold serial dilutions of each drug were prepared directly in 96-well microtiter plates (double strength of the required concentrations) in a final volume of 50 μL per well. One well was left without drug to serve as a positive growth control. Each well was inoculated with 50 μL of inoculum and incubated at 30 °C for 18 to 20 h. The microtiter plates were examined for growth; MIC was considered as the lowest concentration of QSI at which there was no visible growth of the organism.

The inhibition of violacein pigment production using sub-MIC of tested drugs was quantified spectrophotometrically \[[@CR23]\]. Briefly, 10 mL of LB broth supplemented with C6-HSL (0.25 μg/mL) either in the absence or presence of $\documentclass[12pt]{minimal}
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                \begin{document}$$ \raisebox{1ex}{$1$}\!\left/ \!\raisebox{-1ex}{$8$}\right. $$\end{document}$ and ¼ MIC of the 4 drugs were inoculated with 200 mL of overnight culture of CV026 (diluted to 10^6^ CFU/mL) and incubated at 30 °C for 24 h. One milliliter of culture from each sample was centrifuged at 13,000 rpm for 10 min. Then, culture supernatant was discarded, and the pellet was solubilized in 1 mL of DMSO, vortexed until the violacein was extracted, and centrifuged at 13,000 rpm for 10 min. Optical density (OD) of each violacein-containing supernatant was measured at 585 nm using micro-titer plate reader (Biotek Spectrofluorimeter, Biotek, USA); results were expressed as percentage of violacein production inhibition with respect to negative controls. The control sample was CV026 inoculated in LB medium containing C6-HSL without QSIs.
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The MICs of four QSIs (erythromycin, chloroquine, levamisole, propranolol) against PAO1 and clinical QS positive *A. baumannii* isolates were first determined by broth micro-dilution method in addition to azithromycin as positive QSI control. The virulence factors were detected in absence and presence of $\documentclass[12pt]{minimal}
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### Quantification of biofilm formation {#Sec7}

The modified method of Stepanovic et al. \[[@CR24]\] was used to test biofilm formation. Overnight culture of PAO1 and *A. baumannii* either with and without $\documentclass[12pt]{minimal}
                \usepackage{amsmath}
                \usepackage{wasysym} 
                \usepackage{amsfonts} 
                \usepackage{amssymb} 
                \usepackage{amsbsy}
                \usepackage{mathrsfs}
                \usepackage{upgreek}
                \setlength{\oddsidemargin}{-69pt}
                \begin{document}$$ \raisebox{1ex}{$1$}\!\left/ \!\raisebox{-1ex}{$8$}\right. $$\end{document}$ MIC of QSIs were prepared, diluted with MHB, and adjusted to a cell density of 1 × 10^6^ CFU/mL. Aliquots of 100 μL of adjusted bacterial suspension were inoculated to the wells of sterile 96-well polystyrene micro-titer plates. After incubation for 24 h at 37 °C, the contents of the wells were gently aspirated, and the wells were washed three times with sterile phosphate buffered saline (PBS, pH 7.2). The adherent cells were fixed with 100 μL of 99% methanol for 20 min and then stained with 100 μL crystal violet (1%) for 20 min. The excess dye was then removed under running distilled water, and then the plates were left to air-dry. The bound dye was extracted by the addition of 80 μL of 33% glacial acetic acid, and the optical densities were read at 600 nm using micro-titer plate reader. The experiment was performed in triplicate, and the mean optical densities were calculated, wells using media only was used as negative control. The cut-off OD (ODc) was defined as three times standard deviations above the mean OD of the negative control. According to the criteria of Stepanovic et al. \[[@CR24]\], the test isolates were categorized into four groups: non-biofilm forming (OD ≤ ODc), weak biofilm forming (OD \> ODc, but ≤ 2× ODc), moderate biofilm forming (OD \> 2× ODc, but ≤ 4× ODc), and strong biofilm forming (OD \> 4× ODc).

### Twitching motility assay {#Sec8}

Semisolid LB media (LB broth with 1% agar) either with or without QSIs were used for the motility assay \[[@CR25]\]. Plates were made by pouring 15 mL medium into a 90-mm petri dish, and allowing the medium to air-dry with the lid off for 20 min in a laminar flow hood, plates were prepared on the same day as the inoculation. A 2 μL of freshly grown cultures, adjusted to 0.5 McFarland, were stab-inoculated into semisolid agar to enable spread of bacteria on the interphase between the bottom of the Petri dish and the LB medium. After inoculation, plates were sealed with parafilm and incubated at 37 °C for 48 h. To visualize the bacteria at the interface, agar was removed from each plate, and the plates were air-dried and stained with 1% CV. For each isolate, assays were performed at least three times. Results interpreted according to the criteria of Vijayakumar et al. \[[@CR26]\]. The average diameter of zone of twitching was determined; isolates are classified as non-motile (NM, \< 5 mm), intermediately motile (IM, 5--20 mm), and highly motile (HM, \> 20 mm).

### Protease activity {#Sec9}

First, sterile supernatant was prepared according to Gupta et al. \[[@CR27]\]. Briefly, 0.5 mL of 0.5 MacFarland overnight cultures was inoculated in 5-mL LB broth with and without 1/8 MIC of QSIs and incubated at 37 °C for 18 h. The supernatants were separated by centrifugation at 8500*g* for 15 min and were filtered using 0.45-μm syringe filter. This sterile supernatant was used in testing protease, gelatinase, and rhamnolipid production.

Protease activity was tested using skimmed milk agar media \[[@CR28]\]. The media consists of 5% skimmed milk in 1.5% LB agar. Skimmed milk agar plates were prepared, and 100 μL of sterile supernatants were added to the wells made in the plates using a sterile pipette tip. The plates were incubated overnight at 37 °C for 24 h, and the clear zones surrounding the wells were measured which indicates positive proteolytic activity in presence and absence of QSIs. The experiment was performed in triplicate.

### Gelatinase activity {#Sec10}

The method of Su et al. \[[@CR29]\] was used to detect gelatinase production. Briefly, 1.5% LB agar supplemented with 3% gelatin with a final pH 7.2 was prepared, and isolate culture was spot inoculated on the surface of the plates and incubated for 24 h at 37 °C. The plates were observed for growth and subsequently flooded with 10 mL of Frazier's solution (15.0 g mercuric chloride, 20 ml hydrochloric acid (37% v/v), and distilled water to 100 mL) to precipitate the unhydrolyzed gelatin. The plates which showed area of opaque layer with zone of clearance (transparent halo) around the colonies were taken as positive for gelatin hydrolysis. The experiment was performed in triplicate. AZ was used as control QSI. The results were recorded as Gz values by calculating the ratio between the colony diameter and the gelatin hydrolysis zone diameter, and the isolates were classified according to the method of Sanchez et al. \[[@CR30]\], where Gz of 1.0 was evaluated as negative (−), 0.99--0.7 as low (+), 0.5--0.69 as moderate activity (++), and \< 0.5 as high (++++) activity.

### Sensitivity to oxidative stress (sensitivity to H~2~O~2~) {#Sec11}

Sensitivity to oxidative stress was carried out by the modified disk assay \[[@CR31]\]. Briefly, 100-μL aliquots from LB broth cultures in mid-log or stationary phases of growth were uniformly spread on the surface of MHA plates containing 2% agar with and without sub-MIC of QSIs. Sterile 6-mm diameter filter paper disks were placed on the surface, and the disks were spotted with 10 μL of 1.5% H~2~O~2~. The diameter of the zone of growth inhibition around each disk was measured after 24 h of incubation at 37 °C. The experiment was performed in triplicate. The increase in the diameter of the inhibition zone indicates the ability of potential QSIs to inhibit resistance or tolerance to oxidative stress (i.e., augment susceptibility to oxidative stress).

### Pyocyanin production assay {#Sec12}

Pyocyanin production by untreated and QSI-treated PAO1 was assayed as described previously \[[@CR32]\]. PAO1 overnight culture in LB broth was prepared and diluted to OD600 of 0.4. Luria-Bertani broth (1 mL) with and without QSIs was inoculated with 10 μL of diluted culture suspension, and the cultures were incubated at 37 °C for 48 h. To remove the cells and obtain the supernatants, the tubes were centrifuged at 10,000 rpm for 10 min, and the pyocyanin was quantified in the supernatants by measuring the absorbance at 691 nm by Biotek spectrofluorimeter (Biotek, USA). The experiment was performed in triplicate.

### Swarming motility {#Sec13}

Swarming motility was detected according to Rashid and Kornberg \[[@CR33]\]. LB medium used for assay and contained 0.5% agar, tryptone 10 g/L, NaCl 1.25 g/L, and yeast extract 5 g/L with or without potential QSIs. Swarm plates were typically allowed to dry at room temperature before being used. The swarm LB agar plates were spot inoculated by 2 μL of 0.5 McFarland solution of PAO1 overnight culture, and incubated for 24 h at 37 °C. This assay was performed three times, and the average of the diameter of swarm colony was recorded in mm.

### Rhamnolipid production {#Sec14}

The oil spreading technique was carried out as described by Youssef et al. \[[@CR34]\]. Briefly, 20-mL distilled water was added to 90-mm Petri dish followed by addition of 10-μL crude oil to the surface of water. Then, 10-μL PAO1 supernatant with and without sub-MIC of QSIs was dropped onto the crude oil surface. The diameter of the clear zone on the oil surface was measured. The experiment was performed in triplicate, and the average was calculated.

### Surface-associated motility {#Sec15}

Surface motility plates were prepared according to Vijayakumar et al. \[[@CR26]\] with modification (tryptone 10 g/L, NaCL 1.25 g/L, yeast extract 5 g/L, 0.05% triphenyl tetrazolium chloride (TTC), 0.4% agar). In order to reduce variation between plates, plates were prepared on the same day, by pouring 15 ml of surface motility medium in each plate in a laminar flow hood with the lids off and allowing it to dry for 30 min and then quickly used for motility assays. Two microliters of a bacterial suspension normalized to 0.5 McFarland standard were surface inoculated. After inoculation, the plates were sealed with parafilm and incubated for 48 h at 37 °C. Surface-associated motility assays were conducted on at least three separate occasions. Swarming positive isolates were defined as those strains that showed a zone of \> 10 mm around the site of inoculation.

### Esterase production (Tween 80 opacity test) {#Sec16}

The esterase production assay was performed according to Slifkin \[[@CR35]\]. Two microliters of overnight cultures of *A. baumannii* isolates grown on LB broth and adjusted to 0.5 McFarland turbidity were transferred to Tween 80 medium (containing 0.5% Tween 80) with or without sub-MIC of QSIs. The inoculated agar plates were incubated at 37 °C for 3 days. The tests were performed in triplicate. The presence of an opaque halo around an inoculated site on the medium, viewed with transmitted light, indicated a positive result. Esterase activity (Ez) was calculated as the ratio of the diameter of the colony to the diameter of the colony plus that of the opaque zone, which correlates with hydrolysis of Tween 80. The isolates were classified according to the method of Sanchez et al. \[[@CR30]\], where Ez of 1.0 was evaluated as negative (−), 0.99--0.7 as low (+), 0.5 to 0.69 as moderate activity (++), and \< 0.5 as high (++++) activity.

### Phospholipase C production {#Sec17}

Phospholipase C (lecithinase) activity was done by inoculating 2 μL of overnight cultures (on LB) equivalent to 0.5 McFarland turbidity of each isolate into egg yolk agar (1.5% LB agar containing 0.5% egg yolk and 0.11% calcium chloride) with or without sub-MIC of QSIs \[[@CR36]\]. Inoculated plates were incubated at 37 °C for 48 h. The experiment was performed in triplicate. Phospholipase C positive colonies were clearly marked by dense white zone of precipitation extending from the edge of the colony. Colony diameter and colony diameter plus precipitation zone were measured for each isolate, and the zone of phospholipase activity (Pz value) was calculated*.* Pz value was calculated as the ratio of the diameter of the colony to the diameter of the colony plus that of the precipitation zone. The isolates were classified according to the method of Sanchez et al. \[[@CR30]\], where a Pz of 1.0 was evaluated as negative (−), 0.99--0.7 as low (+), 0.5 to 0.69 as moderate activity (++), and \< 0.5 as high (++++) activity.

RNA isolation and quantitative real-time PCR for autoinducer synthase gene in *A. baumannii* {#Sec18}
--------------------------------------------------------------------------------------------

Real-time PCR was performed in absence of the potential QSIs on the 20 QS positive isolates while qRT-PCR was performed in presence of 1/8 MICs of 4 potential QSIs for *A. baumannii* isolate number 1 (AB1). AZ was used as control. Total RNA was extracted using GeneJET RNA extraction Kit (Thermo Fisher Scientific Inc., Germany) according to the manufacturer's instructions. Briefly, 5-mL LB broth of *A. baumannii* isolates was inoculated with 0.5-mL culture equivalent to 0.5 Macfarland and incubated at 37° for 18 h. cDNA was generated by reverse transcription of 2 μg of total RNA using oligo dT primers and 0.2 μL reverse transcriptase in a total reaction volume of 20 μL. Primers for *abaI* (*abaI*F 5′CCGCCTTCCTCTAGCAGTCA3′ *abaI*R 5′AAAACCCGCAGCACGTAATAA 3′) and 16SrRNA (forward 5′ ACTCCTACGGGAGGCAGCAGT 3′ and reverse 5′ TATTACCG CGGCTGCTGGC 3′) were adapted from Selasi et al. \[[@CR37]\] and Clifford et al. \[[@CR38]\], respectively.

The RT-PCR master mix was prepared in 20-μL final volume comprised of the following: 10 μL of 2× SensiFAST™ SYBR (Bioline, London, UK), 0.8 μL of each primer (10 μM), 0.2 μL reverse transcriptase, 0.4 μL RiboSafeRNase Inhibitor, water up to 16 μL, and 4 μL of RNA template. The reaction mix was applied in RT-PCR (StepOne Applied Biosystem, Foster City, USA). Three-step cycling was used as follows: 1 cycle reverse transcription at 45 °C for 10 min, then PCR consists of initial activation cycle of 95 °C at 2 min followed by 40 cycles of 95 °C for 15 s, 55 °C for 30s, and 72 °C for 1 min. Fold changes in gene expression were calculated using the comparative Ct method (2^−ΔΔCT^), and samples were normalized to 16S rRNA expression \[[@CR39]\].

Mice mortality test using a peritoneal sepsis model {#Sec19}
---------------------------------------------------

A murine model of peritoneal sepsis by *A. baumannii* was established by intra-peritoneal inoculation of bacteria in mice \[[@CR40]\]. An overnight culture of *A. baumannii* AB1 was inoculated in LB medium with and without the 4 QSIs (at 1/8-MIC concentration) at 37 °C for 18 h. Ten milliliters of the culture (adjusted to 0.5 McFarland) was harvested by centrifugation at 12,000 g at 4 °C for 10 min. The pellet was resuspended in 1.25 mL PBS by vortexing. A 250 μL of the suspended cells, equivalent to 2 × 10^8^ cells, was injected into the abdominal cavity of four to 5-week-old-specific pathogen-free Swiss albino (15--23 g weight) female mice. Mortality was observed during 3 days period for 5 mice for each treatment. DMSO, DMF, and PBS were injected into mice as negative control groups (*n* = 5/group). Experimental design and animal handling procedures were performed according to the guidelines for animal use of the Ethical Committee of the Faculty of Pharmacy, Zagazig University.

Molecular docking analysis {#Sec20}
--------------------------

The structure of autoinducer synthase AbaI protein model (Code: B0FLN1) was retrieved from Swiss-model (B0FLN1 (ABAI_ACIBA) *Acinetobacter baumannii*, Acyl-homoserine-lactone synthase. <https://swissmodel.expasy.org/repository/uniprot/B0FLN1>).

The active site was identified through protein structure alignment tool in the Molegro Virtual Docker (MVD Version 6.0) with the template structure (PDB Code: 3P2H) \[[@CR41]\], and the ligand S-adenosyl methionine (SAM) was transferred to the model active site. This study was carried out on erythromycin, propranolol, chloroquine, and levamisole along with SAM. The studied compounds were drawn into Marvin Sketch (V5.11.5). The most energetically favored conformer was saved as (\*.mol2) file format for docking. The optimal geometry of the ligand was determined during the docking process. MolDock optimizer algorithm in Molegro Virtual Docker software (MVD) was chosen to perform docking process with 10 runs per ligand, 200 population size, 4000 max iteration, and 5 poses for each ligand. MolDock docking engine using the optimized ligands was executed \[[@CR42]\]. Finally, the top-returned poses were chosen for analysis.

The structure of AbaR receptor model (Code: A0A2C9TFV2) was retrieved from swiss-model (A0A2C9TFV2 (A0A2C9TFV2_ACIBA) *Acinetobacter baumannii*, <https://swissmodel.expasy>.org/repository/uniprot/A0A2C9TFV2). The docking study was carried out on erythromycin, propranolol, chloroquine, and levamisole along with natural ligand N-(3-Hydroxydodecanoyl)-L-homoserine lactone OH-DHL) with the same docking procedure as previously mentioned.

Results {#Sec21}
=======

Screening some drugs for quorum sensing inhibitory activity {#Sec22}
-----------------------------------------------------------

In presence of C6-HSL (cognate signal), CV026 produces violacein purple pigment, which inhibited in presence of QSI that can affect the signal production or signal reception. Among the tested drugs, erythromycin, levamisole, propranolol, and chloroquine showed the highest inhibition of quorum sensing in CV026 as they produced a large clear zone around each well on a purple background (Fig. [1](#Fig1){ref-type="fig"}); hence, these four drugs were tested in the further experiments. Azithromycin was used as a positive QSI. It was noticed that drugs had antibacterial activity that appeared as growth inhibition zone beside the anti-QS activity. Erythromycin and azithromycin also produce darker ring of purple color after the anti-QS zone.Fig. 1Screening some drugs for QS inhibition in CV026. Positive QS inhibition by chloroquine (**a**), levamisole (**b**), propranolol (**c**), erythromycin, and azithromycin (**d**, **e**) is antibacterial and anti-QS activity of QSIs. There is a zone of growth inhibition due to antibacterial activity then a halo zone of growth with no purple color due to the QS inhibition

Quantification of the inhibition of violacein pigment production {#Sec23}
----------------------------------------------------------------

The MICs of the four QSIs and azithromycin against CV026 were determined by broth microdilution method. The MICs were 0.5, 256, 128, 2048, and 10,000 μg/mL for azithromycin, erythromycin, propranolol, levamisole, and chloroquine, respectively.

The inhibition of violacein pigment production in CV026 in presence of (1/4, 1/8 MIC of QSIs) was quantified spectrophotometrically. OD values at 585 nm were used to calculate the percentage of inhibition of pigment production (Table [1](#Tab1){ref-type="table"}). The results revealed that all tested drugs had high percentage of QSI; the most effective drug was erythromycin (84% at 1/4 MIC, 80.9% at 1/8 MIC) followed by azithromycin, levamisole, chloroquine, and propranolol.Table 1Percentage inhibition of violacein pigment production by CV026 in presence of QSIsQSI% inhibition at 1/4 MIC% inhibition at 1/8 MICAzithromycin75.672.8Erythromycin8480.9Chloroquine55.148.5Levamisole7268.1Propranolol37.338.5

Measurement of *P. aeruginosa* virulence factors in presence of QSIs {#Sec24}
--------------------------------------------------------------------

All tested drugs inhibited PAO1 growth at different values, 0.5 μg/ml for azithromycin, 128 μg/mL for propranolol, 256 μg/mL for erythromycin, 512 μg/mL for levamisole, and 7.5 mg/mL for chloroquine. To evaluate the anti-QS and anti-virulence activity of tested drugs, 1/8 MIC of each drug was used.

### Inhibition of biofilm formation in PAO1 {#Sec25}

The obtained results revealed that PAO1 biofilm (strong) was markedly inhibited in presence of 1/8 MIC of tested drugs (\> 68%); the highest inhibition was observed with erythromycin (82.7%) as shown in Table [2](#Tab2){ref-type="table"} and Fig. [2a](#Fig2){ref-type="fig"}.Table 2Percentage inhibition of virulence factors of PAO1 in presence of QSIsPercentage inhibition ofQSIBiofilmTwitching motilitySwarming motilityProteaseGelatinasePyocyanin productionResistance to H~2~O~2~Rhamnolipid productionAzithromycin76.541.567.130.450.749.816.766.7Erythromycin82.753.884.339.154.853.936.766.7Levamisole74.632.367.11343.141.416.753.3Chloroquine68.832.364.313251613.333.3Propranolol7312.38030.453.534.813.360Fig. 2Measurement of PAO1 virulence factors in presence of 1/8 MIC of QSIs. **a** Biofilm. **b** Twitching motility. **c** Swarming motility. **d** Protease production. **e** Gelatinase production. **f** Resistance to H~2~O~2~. **g** Pyocyanin production. **h** Rhamnolipid production. AZ, azithromycin; E, erythromycin; LEV, levamisole; CQ, chloroquine; PPL, propranolol. Control is PAO1 without QSIs

### Inhibition of PAO1 motilities {#Sec26}

The effect of the tested drugs on twitching and swarming of PAO1 was determined. Swarming motility was more inhibited than twitching; the highest inhibition of twitching and swarming motility was reported in presence of erythromycin (53.8% and 84.3%, respectively), and the lowest inhibition in both motilities was observed with propranolol (Table [2](#Tab2){ref-type="table"} and Fig. [2b](#Fig2){ref-type="fig"}, [c](#Fig2){ref-type="fig"}).

### Inhibition of protease and gelatinase production in PAO1 {#Sec27}

PAO1 was found to be strong gelatinase producer as Gz value was 0.33. Gelatinase production was highly inhibited in presence of erythromycin and chloroquine (54.8% and 53.5%, respectively), while protease activity was moderately inhibited in presence of QSIs. The lowest inhibition in protease activity was recorded in presence of levamisole and propranolol (Table [2](#Tab2){ref-type="table"} and Fig. [2d](#Fig2){ref-type="fig"}, [e](#Fig2){ref-type="fig"}).

### H~2~O~2~ oxidative stress response in PAO1 {#Sec28}

The effect of H~2~O~2~ was highly augmented in presence of erythromycin as tolerance to oxidative stress was reduced by 36.7% (Table [2](#Tab2){ref-type="table"} and Fig. [2f](#Fig2){ref-type="fig"}); lower augmentation was observed with azithromycin and levamisole (16.7% for both) and propranolol and chloroquine (13.3% for both).

### Inhibition of pyocyanin production in PAO1 {#Sec29}

The pyocyanin production was significantly inhibited in presence of erythromycin, azithromycin, levamisole, and chloroquine with percentages of 53.9, 49.8, 41.4, and 34.8%, respectively. Lower inhibition (16%) was observed with propranolol (Table [2](#Tab2){ref-type="table"} and Fig. [2g](#Fig2){ref-type="fig"}).

### Inhibition of rhamnolipid production {#Sec30}

The rhamnolipid production was highly inhibited in presence of all QSIs (Table [2](#Tab2){ref-type="table"} and Fig. [2h](#Fig2){ref-type="fig"}) as spreading of oil on water surface was decreased. Azithromycin and erythromycin showed very significant inhibition (66.7%) followed by chloroquine (60%) and levamisole (53.3%), while propranolol showed the lowest inhibition (33.3%).

Assay of *A. baumannii* virulence factors in presence of 1/8 MIC of QSIs {#Sec31}
------------------------------------------------------------------------

The MICs of QSIs against QS-positive MDR *A. baumannii* isolates were determined by broth micro-dilution method (supplementary Table [2](#MOESM1){ref-type="media"}). MIC50 was calculated; azithromycin had the lowest MIC (4 μg/mL) while chloroquine had the highest (1875 μg/mL). To evaluate the anti-QS and anti-virulence activity of tested drugs, 1/8 MIC of each drug was used (see supplementary Tables S[3](#MOESM1){ref-type="media"}--S[8](#MOESM1){ref-type="media"} for detailed results of virulence inhibition and supplementary Fig. S[1](#MOESM1){ref-type="media"} for representative examples of virulence inhibition in *A. baumannii*).

### Inhibition of biofilm formation in *A. baumannii* {#Sec32}

Quantification of biofilm in presence of 1/8 MIC of QSIs was performed. More than 50% inhibition of biofilm formation appeared in 15 of 20 *A. baumannii* isolates with all tested drugs (Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}). Chloroquine showed the highest range of percentage inhibition of biofilm (67.4--93.5%).Table 3Percentage inhibition of virulence factors of A. *baumannii* isolates in presence of QSIsVirulence factorAzithromycinErythromycinLevamisoleChloroquinePropranololBiofilm% inhibition range33.6--93.320.2--93.333.8--92.967.4--93.537.8--92.9% of isolates with ≥ 50% inhibition80%95%85%100%75%Twitching motility% inhibition range7.7--7519.3--81.811.7--89.58.3--77.316.7--80% of isolates with ≥ 50% inhibition30%30%50%40%35%Surface-associated motility% inhibition range7.7--407.7--407.7--406.7--406.7--40% of isolates with ≥ 50% inhibition60%70%50%20%30%Esterase production% inhibition range5--56.521.9--66.75.5--59.25.5--59.213.4--38.1% of isolates with ≥ 50% inhibition10.5%31.5%5%10.5%0%Sensitivity to H~2~O~2~% inhibition range6.3--5010--1003.3--1006.7--506.3--40% of isolates with ≥ 50% inhibition5%25%10%15%0%Phospholipase production% inhibition range18.2--10013--10026.1--10013--10021.7--100% of isolates with ≥ 50% inhibition62.5%37.5%62.5%50%62.5%Fig. 3Percentage of isolates with ≥ 50% inhibition in virulence factors production in *A. baumannii* isolates treated with sub-MIC of QSIs. AZ, azithromycin; E, erythromycin; LEV, levamisole; CQ, chloroquine; PPL, propranolol

### Inhibition of twitching motility in *A. baumannii* {#Sec33}

Twitching motility was tested in *A. baumannii* isolates, 40% of isolates were intermediately motile, and 60% were highly motile. All QSIs inhibited the twitching motility in all isolates with varying degrees more than 50% inhibition in twitching motility noticed in 6 isolates. The highest inhibition was recorded with levamisole. In addition, ≥ 80% inhibition was detected in 2 isolates in presence of erythromycin and one isolate in presence of propranolol and levamisole (Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}).

### Inhibition of surface-associated motility in *A. baumannii* {#Sec34}

The results revealed that 50% of the *A. baumannii* isolates were positive for surface-associated motility. All QSIs inhibited surface motility; the inhibition was ranged from 7.7 to 40% in presence of azithromycin, erythromycin, and levamisole; and most of the isolates showed inhibition ≥ 20%. In addition, the highest number (*n* = 7) of isolates showing inhibition ≥ 20% in surface motility was recorded in presence of erythromycin (Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}).

### Inhibition of esterase production in *A. baumannii* {#Sec35}

All *A. baumannii* isolates strongly produced esterase enzyme, except one isolate. The highest inhibition range was recorded in presence of erythromycin; esterase was inhibited in a range of 21.9--66.7%, with 6 isolates being inhibited by ≥ 50% (Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}).

### *A. baumannii* sensitivity to oxidative stress in presence of QSIs {#Sec36}

The effect of hydrogen peroxide was highly augmented in presence of sub-MIC of erythromycin and levamisole. The augmentation ranged from 10 to 100% in case erythromycin and from 3.3 to 100% in case of levamisole (Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}).

### Inhibition of phospholipase production in *A. baumannii* {#Sec37}

Only 8 isolates (40%) were phospholipase producers, two isolates were strong producers (Pz = 0.67), and the other 6 isolates were low producers (Pz = 0.71--0.77). The highest inhibition range was recorded in presence of levamisole, propranolol, and azithromycin in a range of 26.1--100%, 21.7--100%, and 18.2--100%, respectively (Table [3](#Tab3){ref-type="table"} and Fig. [3](#Fig3){ref-type="fig"}).

### Protease and gelatinase production by *A. baumannii* {#Sec38}

Protease and gelatinase activities were not detected in any of the tested isolates.

RNA isolation and quantitative PCR for acyl-homoserine lactone synthase (*abaI*) gene in *A. baumannii* {#Sec39}
-------------------------------------------------------------------------------------------------------

Relative expression of QS regulatory gene *abaI* to the reference gene 16S rRNA was tested. All tested isolates were positive for the expression of the *abaI* gene. In addition, qRT-PCR was performed on isolate no. 1 (AB1) either treated with the four QSIs or untreated culture as negative control. AZ was used as positive control. Relative expression levels of *abaI* gene was calculated using the 2\^^−ΔΔCt^ method according to Livak and Schmittgen (2001). At sub-inhibitory concentrations, erythromycin, azithromycin, levamisole, chloroquine, and propranolol highly repressed the expression of *abaI* gene by 92, 86.9, 83.32, 67, and 49%, respectively (Fig. [4](#Fig4){ref-type="fig"}). The fold decrease in the expression of *abaI* gene was 12.5, 7.7, 5.88, 3, and 2 times in presence of erythromycin, azithromycin, levamisole, chloroquine, and propranolol, respectively.Fig. 4Fold decrease in *abaI* gene expression in AB1 isolate. AZ, azithromycin; E, erythromycin; LEV, levamisole; CQ, chloroquine; PPL, propranolol

Mice mortality test by using a peritoneal sepsis model {#Sec40}
------------------------------------------------------

In mice mortality test, the 5 mice injected with AB1 alone started to die after 18 h of injection, and all of them were dead after 48 h. The control mice groups which were injected with solvents and saline were 100% alive throughout the experiment period. Mice groups injected with AB1 treated with sub-MIC of 4 potential QSIs showed significant improvement in survival rates; 100% survival was recorded in the group injected with culture grown with erythromycin (Fig. [5](#Fig5){ref-type="fig"}).Fig. 5Survival rates in mice following inoculation with *A. baumannii* (AB1). Groups of mice (*n* = 5) were i.p. inoculated with AB1 alone or AB1 overnight treated with 4 potential QSIs as indicated and their clinical outcome monitored daily for 72 h

Molecular docking studies {#Sec41}
-------------------------

### Molecular docking of potential QSIs with AbaI {#Sec42}

The molecular docking study ranked the activity of compounds (Moldock score) as inhibitors for autoinducer synthase AbaI as follows: erythromycin (− 169.34), propranolol (− 114.23), chloroquine (− 108.51), and levamisole (− 89.94). The binding interactions with the receptor are shown in Fig. [6a--e](#Fig6){ref-type="fig"}. The MolDock score for SAM was − 151.54, and the interacting residues were shown in supplementary Table S[9](#MOESM1){ref-type="media"}. From the docking scores, the erythromycin showed higher binding affinity than SAM and the other studied compounds.Fig. 6The molecular docking of QSIs into the active site of AbaI protein model (**a**--**e**). **a** Erythromycin. **b** SAM. **c** Propranolol. **d** Chloroquine. **e** Levamisole. And AbaR receptor model (**f**--**j**). **f** Chloroquine. **g** OH-DHL. **h** Propranolol. **i** Levamisole. **j** Erythromycin

### Molecular docking of potential QSIs with AbaR {#Sec43}

The molecular docking study ranked the activity of compounds (Moldock score) as inhibitors for AbaR receptor as follows: chloroquine (− 144.83), propranolol (− 131.89), levamisole (− 104.43), and erythromycin (− 55.09). The binding interactions with the receptor are shown in Fig. [6f--j](#Fig6){ref-type="fig"}. The MolDock score for N-(3-Hydroxydodecanoyl)-L-homoserine lactone was − 135.74, and the interacting residues are shown in supplementary Table S[10](#MOESM1){ref-type="media"}. From the docking scores, chloroquine showed the highest binding affinity among the studied compounds.

Discussion {#Sec44}
==========

It is well known that QS controls virulence and pathogenicity of microbes; hence, it is a good target to design novel antimicrobial therapeutics by developing QSIs that target virulence through either inhibiting QS signal production, signal reception, or degrading AHLs \[[@CR43]\]. In the present study, it was found that the tested drugs have inhibited QS in CV026 biosensor as indicated by inhibition of violacein pigment production. CV026 responds to C6-HSL and produces violacein, but in presence of QSIs, no pigment is produced. It is noticed that azithromycin and erythromycin formed an intense violet ring around the inhibition zone. This may be attributed to a potentiating effect for violacein production with a certain concentration of these inhibitors. This finding was in accordance with that of Liu et al. \[[@CR44]\].

The highest inhibition of violacein pigment was recorded for erythromycin and azithromycin followed by levamisole, chloroquine, and propranolol; erythromycin has the highest QS inhibitory activity. This was consistent with several reports which reported that antibiotics interfere with QS by blocking C~12~-HSL production in *P. aeruginosa* \[[@CR13], [@CR45]\].

*Pseudomonas aeruginosa* has three major QS systems LasI/R, RhlI/R, and pseudomonas quinolone system (PQS) \[[@CR46]\] which work together to control cell survival, biofilm formation, and virulence \[[@CR47], [@CR48]\]. It is very critical to inhibit biofilm as it is responsible for high antibiotic resistance rates \[[@CR49]\], and it participates in serious infections \[[@CR50]\]. The 4 tested drugs significantly reduced the ability of PAO1 to form biofilm as they had very strong anti-biofilm activities, with erythromycin being the most powerful QS inhibitor. Many reports stated the high inhibition of biofilm in PAO1 by other QSIs \[[@CR51]--[@CR53]\].

In the current study, sub-MIC of tested drugs highly inhibited both types of motility in PAO1. The swarming motility was significantly inhibited in a range of 64.3--84.3%; erythromycin had the strongest inhibitory activity. Consistent with our results, other studies reported high reduction in PAO1 swarming using other drugs \[[@CR54], [@CR55]\]. Twitching motility was inhibited in a range of 12.3--53.8%, and the highest inhibition was also in presence of erythromycin, which was comparable with previous work \[[@CR51]\]. It was reported that swarming motility is affected by QS, rhamnolipid production, type IV pili, and flagella \[[@CR56]\]. This may explain the higher inhibition in swarming motility than twitching that was observed in the current study.

In the present study, the effect of QSIs on hydrolytic enzymes like protease and gelatinase was investigated. These enzymes are very crucial for degrading host tissue components which aid in bacterial colonization \[[@CR57]\]. The protease production by PAO1 was inhibited by 13--39.1% in presence of tested drugs. Similarly, other QSIs reduced PAO1 proteolytic activity \[[@CR53], [@CR55]\]. Moreover, gelatinase production by PAO1 was much more inhibited than protease enzyme by a range of 25--57.1%. In accordance with our results, macrolides inhibited gelatinase in *P. aeruginosa* \[[@CR58]\].

Pyocyanin is responsible for tissue damage due to hydroxyl radical formation and also it suppresses the acute inflammatory response \[[@CR59], [@CR60]\]. The tested drugs inhibited pyocyanin production in PAO1 by a range of 16--53.9%. Erythromycin and levamisole were the most effective inhibitors. Consistent to our findings, several reports showed reduction in pyocyanin production by other drugs \[[@CR53], [@CR61]\].

Rhamnolipid (biosurfactant) is a key virulence determinant regulated by QS. It has antimicrobial activity against different bacteria and fungi \[[@CR62], [@CR63]\]. In the present study, rhamnolipid production was markedly inhibited in a range of 33.3--66.7%. Similar to our findings, baicalin demonstrated significant suppression in PAO1 rhamnolipid production \[[@CR61]\].

PAO1 resistance to oxidative stress is under the control of QS \[[@CR64]\]. In the current study, QSIs showed moderate increase in the sensitivity of PAO1 to H~2~O~2~; the highest reduction in tolerance to oxidative stress was obtained with erythromycin (36.7%). Similar to our findings, metformin and glyceryl trinitrate caused augmentation in the effect of H~2~O~2~ \[[@CR52], [@CR53]\].

It is well known that azithromycin and erythromycin (macrolide antibiotics) act mainly on Gram-positive bacteria. So, their inhibitory effect in *P. aeruginosa* and *A. baumannii* is not due to their antimicrobial activity, but due to their inhibitory activity on QS system \[[@CR15]\]. In this study, several virulence factors in *A. baumannii* clinical isolates were investigated. Biofilm and twitching motility were detected in all 20 isolates (100%), followed by esterase (*n* = 19) then surface-associated motility (*n* = 10). The least detected virulence was phospholipase (*n* = 8), while none of the 20 isolates produced proteolytic enzymes. Five isolates produced all these factors including isolate (no. 1) which has the highest virulence expression; hence, it was used in animal study and RT-PCR experiments.

Biofilm formation is considered one of the main virulence factors in *A. baumannii* \[[@CR65]\]. In the present study, QSIs markedly reduced biofilm formation in *A. baumannii* clinical isolates as 50% inhibition was observed in 75% of *A. baumannii* isolates. Chloroquine showed the highest range of inhibition (67.4--93.5%). This finding was consistent with many reports that linked QS to biofilm formation in *A. baumannii* \[[@CR7], [@CR66]\]*.* Also, chloroquine sensitizes biofilm of *Candida* to azoles \[[@CR67]\].

Twitching motility allows *A. baumannii* to spread rapidly on semisolid surfaces; twitching is mediated by type IV pili (TFP) system \[[@CR25], [@CR68]\]. All of our isolates showed twitching motility, while Vijaykumar et al. \[[@CR26]\] found that 58.3% of isolates had twitching motility. Twitching motility is regulated by several environmental factors \[[@CR25], [@CR69], [@CR70]\]. The 4 tested QSIs inhibited twitching motility in all *A. baumannii* isolates with varying degrees. The highest inhibition was recorded in presence of levamisole (11.7--89.5%). The difference in results between this work and other studies may be related to different factors including source and nature of isolates, and experimental conditions.

Many strains of *A. baumannii* have been found to exhibit unique surface-associated motility on semisolid surface that resembles swarming motility of *P. aeruginosa*; however, swarming motility is flagellum-coordinated movement \[[@CR71]\]. *A. baumannii* surface-associated motility is a flagellum-independent, complex process that is dependent on many factors including QS \[[@CR25], [@CR69], [@CR72]\]. It has been speculated that TFP might be involved in the surface-associated motility of *A. baumannii* \[[@CR68]\]. In the present study, 50% of *A. baumannii* isolates were positive in surface-associated motility. In agreement with our results, Eraç et al. \[[@CR73]\] reported that 44% of *A. baumannii* isolates were motile. At the contrary, Vijaykumar et al. \[[@CR26]\] reported that only 10% of isolates swarm, while Skiebe et al. \[[@CR72]\] reported nearly all isolates had swarming-like motility on 0.5% agarose-containing media; however, we used 0.4% agar. Any variation in the physical factors could have effect on motility; we also found that using low salt concentration in the media gives better motility. All the tested QSIs inhibited surface motility; ≥ 20% inhibition was observed in presence of azithromycin, erythromycin, and levamisole. In addition, ≥ 50% inhibition was recorded in 7 isolates in presence of erythromycin. At the contrary, 60% of *A. baumannii* isolates underwent a decrease in surface-associated motility in presence of virstatin \[[@CR74]\].

In the present study, 95% of *A. baumannii* isolates were strong esterase producers. Valli and Gopinath \[[@CR75]\] found that 70% of isolates were esterase positive which agreed with our results to some extent. In the current study, the highest inhibition range of esterase production was recorded in presence of erythromycin (21.9--66.7%) with the highest number of isolates being inhibited by ≥ 50%, followed by chloroquine and levamisole.

Pathogens are exposed to killing by host via various reactive oxygen species (ROS). Pathogen is able to resist ROS and persist under oxidative stress by production of superoxide dismutase (SOD) and catalase enzymes. SOD was found to play vital role in resistance to oxidative stress in *A. baumannii* \[[@CR70]\]. Autoinducer synthase mutant was found to produce small amount of antioxidant enzymes indicating the importance of QS in response to oxidative stress \[[@CR70]\]. In the current study, the effect of H~2~O~2~ was highly augmented (tolerance to oxidative stress was reduced) in presence of sub-MIC of erythromycin (10--100%) and levamisole (3.3--100%). A recent study showed that curcumin enhances the therapeutic efficacy of antibiotics by increasing ROS and compromising oxidative stress defense \[[@CR76]\].

In the current study, results revealed that only 40% of *A. baumannii* were phospholipase producers. In agreement with our results, two previous studies found similar percentage of PLC production \[[@CR77], [@CR78]\]. Regarding the inhibition of PLC, our results revealed that at least one isolate had 100% inhibition in phospholipase production in presence of some tested drugs. The highest number of isolates inhibited by ≥ 50% was recorded with levamisole, propranolol, and azithromycin. In our study, both protease and gelatinase activities were not detected in *A. baumannii*, in accordance with Abdulla et al. \[[@CR79]\]. However, other studies reported proteolytic activity in *A. baumannii* \[[@CR75], [@CR78]\].

The qRT-PCR was used to study the relative expression of QS regulatory gene *aba*I in *A. baumannii* isolates, and to calculate the relative expression of *aba*I gene before and after treatment with sub-MIC of QSIs. It was found that erythromycin, azithromycin, levamisole, chloroquine, and propranolol highly repressed expression of *aba*I by 92, 86.9, 83.32, 67, and 49%, respectively. These results confirm the QS inhibitory activity of the 4 drugs at molecular level. This finding provides a basis to explain the remarkable decrease in the production of QS-regulated virulence factors. Similarly, significant downregulation of QS regulator systems of PAO1 treated with sub-inhibitory concentration of QSIs was reported \[[@CR51], [@CR55]\].

It is worth mentioning that the concentrations of the drugs used as QSIs do not always meet the pharmacological limits for human use. Levamisole and propranolol therapeutic plasma levels 0.8--1.6 μg/mL and 0.134 μg/mL, respectively \[[@CR80], [@CR81]\], are much lower than their concentrations as QSIs in this study. On the contrary, erythromycin and azithromycin therapeutic plasma levels are 3.5 μg/mL and 0.24 μg/mL, respectively \[[@CR82]\], and are higher than the concentrations used as QSIs in this study. The in vitro results must not be considered as final applicable conclusions in clinical situations. Moreover, the behavior of bacteria in lab differs from that in human body, and characteristics of drugs in lab also differ from those in human body where the drug may undergo degradation, conformational changes, re-arrangement, and plasma protein binding. Therefore, all in vitro studies are considered as a beginning step and must be fulfilled with in vivo studies. To compensate this shortage in reaching the drug therapeutic plasma level with some drugs, it could be possible to use QSIs with high MIC values in topical formulations like dressings or ointments for skin and soft-tissue infections and aerosols for respiratory infections. Also, QSIs with high MIC can be tested in future study in combination with antibiotics using low concentration of these QSIs that not exceed their accepted therapeutic levels.

To evaluate the effect of the 4 QSIs in vivo, the mice mortality test was performed. First, mice were injected with 250 μL of *A. baumannii* (AB1) grown without QSIs, which cause 100% mortality within 48 h. Several studies have reported other numbers of bacteria injected in the mice, some agree with our number, and others differ \[[@CR40], [@CR83], [@CR84]\]. This was strain-dependent, and many reports account this to the probable negative correlation between MDR phenotype and virulence \[[@CR85], [@CR86]\]. The obtained results revealed that mice which were injected with AB1 grown with sub-MIC of QSIs showed significant improvement in survival rates, which reached 100% in case of erythromycin followed by 80% in presence of propranolol.

A more confirmation of QS inhibitory mechanism of the tested drugs was done using the molecular docking study. It was revealed that erythromycin showed higher binding affinity than SAM (the natural ligand of AbaI) while levamisole had the lowest binding affinity. Moreover, all drugs bound with the active site of the ligand-binding domain of AbaI by hydrophobic interactions and H-bonding. In addition, molecular docking study ranked the activity of the compounds as inhibitors for AbaR receptor with chloroquine being the most active, followed by propranolol with a score similar to the natural ligand. The binding interactions with the receptor were by hydrophobic interactions and H-bonding except levamisole, which had no H-bonding. Erythromycin exhibited the lowest inhibition for AbaR receptor. Therefore, the potential mechanism of QS inhibition by the 4 tested drugs may be due to either binding to the AbaI autoinducer synthase preventing AHL synthesis, or binding to AbaR receptor preventing AHL signal reception. Finally, erythromycin markedly inhibited QS in vivo and in vitro in *A. baumannii* isolates. This may be due to inhibiting the synthesis of AHL signals by erythromycin more than inhibiting signal reception. In addition, chloroquine inhibited QS in *A. baumannii* by inhibiting AHL signal reception more than AHL signal synthesis. Several studies performed the docking of QSIs against either LasR or RhlR of PAO1, and a significant binding potential to the active site of these proteins was revealed confirming the QS inhibitory activity \[[@CR51], [@CR53], [@CR55]\].

Conclusion {#Sec45}
==========

The study demonstrated that QS could control the virulence, as most of virulence factors of both PAO1 and *A. baumannii* clinical isolates were highly inhibited by QSIs. The most effective drug as QSIs was erythromycin. To the best of our knowledge, this study showed that antibiotics like erythromycin can inhibit QS beside their antimicrobial activity; the other tested drugs (i.e., chloroquine, levamisole, and propranolol) were studied for the first time as inhibitors for QS in *A. baumannii*. Results obtained from qRT-PCR, in vivo study, and molecular docking of 4 QSIs against AbaI and AbaR proteins could give a more confirmation of the mechanism of QS inhibition by the tested drugs. In addition, inhibition of QS using FDA-approved drugs present in the market is a promising strategy for inhibiting virulence without affecting microbial growth which could be used as a therapeutic alternative for traditional antibiotics. This could help in decreasing the selective pressure causing antibiotic resistance development. Future studies are needed to formulate the tested drugs in suitable dosage forms and to study their effects in vivo.
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